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Abstract 
Most of the global H2 production is derived from hydrocarbon-based fuels, and efficient H2/CO2 separation is 
necessary to deliver a high purity H2 product. Hydrogen-selective alloy membranes are emerging as a viable 
alternative to traditional pressure swing absorption processes as a means for H2/CO2 separation.  These membranes 
can be formed from a wide range of alloys, and those based on Pd are the closest to commercial deployment.  The 
high cost of Pd (USD ~31,000 kg-1), however, is driving the development of less-expensive alternatives, including 
inexpensive amorphous (Ni60Nb40)100-xZrx alloys. Amorphous alloy membranes can be fabricated directly from 
the molten state into continuous ribbons via melt spinning, and depending on the composition, can exhibit 
relatively high hydrogen permeability between 473 and 673 K.  Here we review recent developments in these 
low-cost membrane materials, especially with respect to permeation behavior, electrical transport properties, and 
understanding of local atomic order.  In a quest to further understand the nature of these solids, atom probe  
tomography has been performed, revealing amorphous Nb-rich and Zr-rich clusters embedded in, majority Ni 
matrix, whose compositions deviated from the nominal overall composition of the membrane. This research is 
supported by US DOE-NNSA grant, US DE-NA0002004). 
 
I. Introduction 
 
The bulk of global H2 production still originates from the conversion of hydrocarbon fuels such as coal, crude oil, 
natural gas and biomass, and the co-production of CO2 necessitates a H2/CO2 separation process to deliver H2 of 
the desired purity to downstream processes [1, 2].  Pressure swing adsorption (PSA) is a reliable, established 
technique for this separation, but is less than ideal from an efficiency and size perspective. Alloy membranes offer 
the advantage of compact size and continuous separation, but are currently limited to small-scale, niche 
applications. For example, crystalline Pd and Pd-Ag (100 – 200 m thickness) membranes have been employed 
for several decades to obtain ultrapure H2 [3-9].  The reported hydrogen selectivity and permeability of these 
membranes varies widely, but H2 flux values in excess of 1 mol m-2 s-1 have been reported [10].  A limitation of 
Pd-based membranes is the potential for hydride formation under certain operating conditions, and this can lead 
to eventual failure of the membrane because of increased brittleness. But perhaps the greatest barrier to further 
deployment of Pd membrane technology is the high price of Pd metal: the cost of Pd was USD 160 oz-1 in April 
2003, and the prices are rising steadily: in September 2015, the cost was USD 697 oz-1.  This is driving the 
development of less-expensive alternative membrane materials.  Steward’s review of hydrogen permeability [11] 
showed several metals have equivalent or greater permeability than Pd. Furthermore, many of these metals, such 
as Ni, Co, Nb, Zr, cost in the range of USD 1-3 oz-1, making them of great interest as potential Pd-alternatives.  
 
Amorphous alloys formed from a combination of Ni and one or more early transition metals (ETMs) show great 
promise for this application.  Amorphous alloy membranes are formed directly from the molten state via a 
technique known as melt spinning, in which the molten alloy is rapidly solidified on the surface of a rolling copper 
wheel, acting as heat sink. This technique produces continuous ribbons, typically 20 to 60 m thick, and ~ 25 mm 
wide.  
 
One of the main barriers to the use of amorphous membranes is their propensity to crystallize during long-term 
operation at elevated temperatures, a process which increases atomic density and leads to reduction in hydrogen 
diffusion pathways. In addition, crystallization often induces brittleness in the ribbon, limiting as a consequence 
the operating conditions. In this review, we explore this phenomenon further by presenting studies that have been 
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performed on Ni-Nb-Zr amorphous membrane alloys regarding permeation, electrical, chemical homogeneity and 
local atomic order, and mechanical properties.   
 
II. Brief History of Development of Amorphous Alloy Membranes 
 
The very first amorphous AuSi alloy was prepared at California Institute of Technology in 1960 by Klement et 
al. [12].  Since then, significant research advances were made on understanding of the nature of membranes in 
Japan; particularly at the Tohuku University and AIST. The amorphous membranes are generally fabricated by 
melt spinning methods, with critical cooling rates >105 K sec-1.  In the late 1980ties, Inoue [13-14] discovered 
glass forming ability (GFA) and formation of bulk metallic glasses (BMG) in La-Al-Ni and La-Al-Cu by casting 
in copper molds at very slow rates < 100 K sec-1.  Inoue [13] also established important parameters for the 
formation of BMG in which three or more components are needed with atomic size ratio > 12%, and negative 
heat of mixing. The selection of compositions for metallic glass formation can be driven by thermodynamic 
arguments [15] and metallic glasses with various compositions have been produced up to now.  The BMG 
multicomponent alloys are used for structural and other applications, whereas thin amorphous alloys discussed in 
this paper are mainly used in magnetic applications and membranes for hydrogen separation.  
 
Several membrane types can be employed for the separation of H2 from CO2, namely ceramic ion transport 
membranes, inorganic micro-porous membranes, and alloy membranes, both crystalline and amorphous. Several 
notable reviews on these various membrane technologies have been published. In 2006, Phair and Donelson [16] 
reviewed developments in non-palladium alloy membranes related to design and preparation of alloys for 
hydrogen permeability, and critical performance features of Ti, Zr, Hf and V,Nb,Ta group of elements and alloys. 
Phair and Badwal [17] reviewed materials for separation of membranes for hydrogen and oxygen production, H2 
and CO2 separation, and power generation.  In 2006, Dolan et al. [18] published a comprehensive review on 
hydrogen selective amorphous membranes. They reported on significant issues related to amorphous membranes 
with respect to crystallization during long-term sustainability of amorphous membranes at elevated temperatures 
(673 K). They also discussed factors affecting diffusion rates, influence of hydrogen on thermal stability site 
symmetry and energies.  Ockwig and Nenoff [19] reviewed different types of hydrogen separation membranes 
and reported hydrogen permeabilities of VCrTi, NiAl, VAl, VNiAl, NbMo, NbPd, NbTiNi, VTi, VCo, Zr-Ti-Ni 
and other alloys, in a temperature range of 475 to 923 K.  
 
The exploration of hydrogen absorption properties of Ni-based amorphous alloys started in 1981. Spit et al. [20] 
Aoki et al. [21] both presented hydrogen absorption properties amorphous Ni-Zr alloys. More hydrogen separation 
membranes were developed in 1990s such as Pd73.2Si18M8.8 (M= Ag, Cu, Cr, Fe, Ni), Ni60Zr40 and other alloys 
[22-26]. The pioneering work on permeation through the Ni-based amorphous alloys was first reported by Hara 
et al. [27] who produced melt spun ribbons of Ni64Zr36 for separation of hydrogen from CO2. They found 
permeation rates greater than 1×10-9 molm-1s-1Pa-0.5 yielding high purity H2, without need for a catalytic Pd 
overlayer.  
 
III. Amorphous Ni-based membranes  
 
The Ni-Nb-Zr alloy system is the most widely studied from the perspective of hydrogen separation. A summary 
plot of hydrogen permeation through Ni-Nb-Zr alloy, with alloying elements such as Ta, Co, Hf and others, is 
shown in Figure 1; selected Pd-based alloys are included as reference. Please note that single data points found in 
literature, appear as double circled symbol in this Figure 1. In general, the permeation rates of Ni-Nb-Zr 
membranes are approximately in the range of 5x10-8 mol m-1s-1Pa-0.5 and 1x10-10 mol m-1s-1Pa-0.5.  
 
The addition of Nb to Ni-Zr alloys brings the beneficial effects of increased crystallization temperature and 
fracture strength [28], and reduced susceptibility to hydrogen embrittlement [29].  Kimura et al. [28] produced 
wide, high quality, amorphous Ni-Nb-Zr melt spun ribbons of (Ni0.50Nb0.50)100-xZrx where x = 10, 20, 30, 40, and 
Ni60Nb40-xZrx where x = 10, 20, 30, 40, and measured thermal and mechanical properties, but did report any 
permeation results.   
 
In 2003, Yamaura et al [29] investigated hydrogen permeation membranes of (Ni0.60Nb0.40)100-xZrx (x = 0 - 40 
at.%) and showed comparable permeation rates with Pd and Pd-Ag at temperature 573 to 673 K. Also, in 2003, 
Hara et al. [30] explored the possibility of making ribbons of Ni-Zr with Ti and Hf additions and found that 
permeabilities of Ni-Zr alloys decreased by the addition of Ti or Hf due to increased activation energies. Hara et 
al. continued studies on Zr36-xHfxNi64 (0  x  36) and observed that the ribbons did crack during tests that lasted 
for few days in temperature range of 473 to 623 K, but reported that the hydrogen solubility parameters closely 
followed Sieverts’ law [31].  
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Yamaura et al. [32] studied formabilities of ribbons, and performed exhaustive work by adding different alloying 
elements to (Ni0.60Nb0.40)45Zr50M5 master alloy, where M= Ti, Ta, Sn, Si, Pd, Cu, Co, Al, reporting high 
permeation rates of 2.3 × 10-8 and 2.5 × 10-8 mol m-1s-1Pa-0.5) for Cu and Co additions; noting that pure Pd has a 
permeation rate of 1.0 × 10-8 (mol m-1s-1Pa-0.5 ) at 673K. The permeability with the addition of P (2.5 × 10-8 mol 
m-1s-1Pa-0.5) was found to be the lowest. They also found that permeability is inversely proportional to the Vickers 
Hardness (VH); for example the VH of Cu, Co, Pd, Al, P are 460, 500, 510, 510, and 560 Hv, respectively.  
Yamaura et al. [33] continued their studies on permeation rates of ternary alloy series (Ni0.60M0.40)70Zr30 (M = Ti, 
Nb, Hf), (Ni0.90M0.10)70Zr30 (M = Y, Hf, Ti, Nb, Ta), and Ni70-x/2Nb30-x/2Zrx (x = 10 - 60); and reported that addition 
of Nb improves hydrogen permeability.  In one case, cast eutectic crystalline Ni30Nb40Zr30, Ni40Nb20Zr40, 
Ni30Nb39Ti31 alloy thick disks were reportedly by Ishikawa et al. [34] for hydrogen permeation, and surprisingly 
reported 2.9 times greater permeability than that of pure Pd.   
  
 
 
 
 
 
Cobalt has been explored as an alloying addition to Ni-Nb-Zr alloys by several groups. Shimpo et al. [35] 
investigated Co additions to the melt spun amorphous Ni-Nb-Zr alloys, and measured the permeability of 
(Ni0.60Nb0.40)45Zr50Co5, reporting a value greater than that of conventional Pd-Ag alloys.  They also examined the 
durability of (Ni0.60Nb0.40)55Zr40Co5 and (Ni0.60Nb0.40)45Zr50Co5 at 573 K and found no change up to 100 hours at 
573 K, but above 673 K there was significant decay in permeation with time. Yamaura et al. [36] also reported a 
significant increase in hydrogen diffusivity in Ni65Nb25Zr10 and Ni60Nb20Zr20 alloys above glass transition 
temperature (Tg).  
 
In order to increase the crystallization temperature the introduction of tantalum into amorphous alloys has been 
explored by several groups. Kim et al. (2007) [37] compared hydrogen permeation of Ni60Nb30Ta30 with Pd60Cu40 
at 673K (0.6 MPa), and reported permeabilities of 4.1 × 10-8 and 2.1 × 10-8 mol m-1s-1Pa-0.5.  The next year, Hara 
et al. [38] reported hydrogen solution properties of Zr36-xHfxNi64 (x = 0 – 36 at. %) at elevated temperatures (473 
– 573 K) by using the Sieverts method and found that permeability increased with increasing Zr content.  The 
Figure 1. Summary of reported hydrogen permeability values for Ni-based amorphous alloy 
membranes and selected Pd-based alloys as reference materials 
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equilibrium hydrogen concentration did not obey Sieverts law, however, and was nearly linear with the quarter 
power determined using Kirchheim theory.  Hara et al. [39] established a theory of permeability as a function of 
hydrogen pressure and developed equations for pressure dependent permeability from permeation tests. They also 
reported that the dissolution of hydrogen did not obey Sieverts’ law (i.e., proportional to P0.5).  In the same year, 
Lee and Fleury [40] measured hydrogen permeability of Ni60Nb15Zr10Ti15 (2.89 × 10-8 mol m-1s-1Pa-0.5) and 
Ni60Nb20Zr5Ti15 (2.50 × 10-8 mol m-1s-1Pa-0.5) at 673 – 773 K, and reported 5 times larger permeability as compared 
binary Ni60Nb40 alloy membrane.  Qiang et al. [41] conducted a detailed study of Ni42Nb28-xZr30Tax (x=0, 7, 14, 
21, 28) and reported that substitution of Nb by Ta (Ni42Zr30Ta28) increased the thermal stability of alloy.  The 
crystallization temperatures (TX) of Ni42Zr30Nb28 and Ni42Zr30Ta28 were 807 and 865 K respectively, but although 
TX increased with Ta addition, the permeability decreased. 
Dolan et al. [42] reported hydrogen separation by Ni- ETM (ETM = Early Transition Metal) amorphous 
membranes at the comparatively higher temperature of 673 K. They compared thermal stability and durability, 
hydrogen permeation of Ni-based amorphous alloys and suggested proper balance of eutectic alloy with early 
transition metal was suitable to obtain both permeability and thermal stability. According to their thermal analysis 
of binary and ternary Ni-ETM eutectic alloy by non-isotherm DSC, crystallization temperature increases with 
addition of early transition metal as follows Ta>Nb>Hf>Zr>Ti, i.e., Ta and Nb maximize thermal stability.  
 
It is well known that Zr additions to Ni-Nb amorphous alloys lead to greater H solubility [42]; this had significant 
impact on further investigation of Ni60Nb40-xZrx series for hydrogen separation applications. Dolan et al. [43] 
continued their studies on Ni-Zr alloys to understand the glass-forming ability (GFA) of Ni64Zr36-xMx, x= 10 at. % 
M= Ti, Nb, Mo, Hf with reasonable success, but found some dimensional instabilities.  The alloy ribbons with Ta 
and W additions produced fragmented ribbons with crystalline inclusions, thus they become brittle and are not 
recommended for further studies. Thermal stability studies showed that most of the alloys exhibited TX values in 
the range of 567 to 586 K, except for the Nb-containing alloy (602 K), which was attributed to high bond valence 
and slightly smaller radius of Nb.  The hydrogen permeability measurement showed that Ni64Zr36 have higher 
permeability than Ni64Zr26Nb10 and Ni64Zr26Ti10 at 773 K. Comparing all these data from GFA, thermal stability 
and hydrogen permeability they conclude Ni-Nb-Zr system is the most important system for hydrogen selective 
membrane reactor.  
 
IV. Catalytic Dissociation of Hydrogen Molecules by Pd and Ni Coatings on Non-Pd based membranes: 
 
The suitability of Pd as a membrane material rests more with its favorable surface properties than the rate of H 
transfer through the bulk metal. Pd is among the most active catalysts for H2 dissociation, the essential first step 
in hydrogen transfer across an alloy membrane, meaning that a single layer of Pd or a Pd-based alloy can act as a 
H-selective membrane. Although Steward’s review [11] shows that many metals exhibit significantly greater 
permeability than Pd, their unfavorable surface properties mean they can only function as a membrane with 
addition of a thin Pd catalytic over-layer.  
 
This also holds for many amorphous alloy membranes. Ni is known to be a highly active catalyst for H2 
dissociation [44], and Hara [27] showed that amorphous Ni64Zr36 contains sufficient Ni to enable hydrogen 
permeation without need for an additional catalytic overlayer of Pd.  Further examination by Spit et al. [20] and 
Adibhatla [45] found Ni segregation on the surface of the alloy that promoted catalytic activity. Ni can also be 
reduced by hydrogen at normal operating temperatures, but Ni is not resistant to sulfur dioxide, carbon monoxide 
or moisture.  At reduced Ni contents, however, oxide formation by the ETM components renders the surface 
inactive, necessitating application of Pd. In general, elements like Nb, Ta, or Zr used in these non-Pd containing 
membranes always have an adherent oxide film which is not readily reduced under normal operating temperatures 
with hydrogen [46]. 
 
The Pd overlayer can influence thermal stability of the membrane, as inter-diffusion of Pd into the Ni-based alloy 
ribbons was observed in our studies [47] as well as by Buxbaum [48]. This diffusion can degrade the surface 
activity and can lead to the formation of impermeable compounds at the interface.  More details can be found in 
Dolan’s review [18]. In 2010, Yamaura and Inoue [49] conducted an interesting study on surface coatings of Pd 
and Ni on amorphous Ni40Nb20Ta5Zr30Co5.   They sandwiched the amorphous alloy ribbon between Pd-Pd, Ni-Ni, 
Pd-Ni (upstream-retentate side), and Ni-Pd (downstream-permeate side) coatings, showing that the Pd-coated 
retentate surfaces are resistant to poisoning by contaminant gases such as H2S and others, while on the permeate 
side a simple Ni coating may be used, as there is presence of only highly pure H2 gas. Lewis et al. [50] showed 
that Pd-Au coating were more resistant to H2S contamination.  Earlier studies on surface coatings of Ni were 
conducted by Chian et al. [51] in 2005 obtained reasonable permeation rates at 653K.   
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To summarize, nearly all permeation studies of amorphous Ni-Nb-Zr membranes have been undertaken on 
membranes with a thin Pd over-layer on each surface.  However, heat treating uncoated membranes under H2 
results in precipitation of nanocrystalline Ni, and slightly larger Zr particles, which help in catalyzing H2 
dissociation [27, 20, 45 ]. This activation method has been employed when measuring hydrogen absorption via 
the Sieverts’ method, and when measuring thermal properties of hydrided alloys via differential scanning 
calorimetry.      
 
V. Crystallization in Ni-Nb-Zr alloy membranes 
 
An important consideration for amorphous alloy membranes is thermal stability; the metastable amorphous state 
must be maintained during sustained operation at elevated temperature. Thermal stability can be quantified 
through the glass transition (Tg) and crystallization (TX) temperatures, as well as by the activation energy of 
crystallization which can be measured using the approach of Kissinger [52] and Ozawa [53].  
Many studies have been performed over the years to measure these parameters and there is a clear trend of 
refractory elements increasing Tg and TX. Several studies have been performed on these alloys by on different 
types of membranes [29, 36, 41].  We examined [54] phase transformation and crystallization kinetics of 
amorphous Ni60Nb20Zr20, finding that the activation energies for crystallization using Johnson-Mehl-Avrami 
(JMA) and Kissinger and Ozawa equations of 500 and 490 kJ mol-1 respectively. The Avrami exponent of 2.92 – 
2.47 indicated a diffusion-controlled three dimensional growth mechanism of a single crystalline phase whose 
structure matched that of a Ni10Zr7 alloy.   
 
In 2010, Jayalakshmi et al. [55] studied the Ni-Nb-Zr-Ta alloys of two compositions and performed x-ray 
diffraction, mechanical tests, and permeation studies.  Jayalakshmi et al. [56] (2012) continued her and this time 
she emphasized corrosion properties of amorphous Ni60Nb40 with alloying additions of Zr, Ta, Co. They found 
that these alloys have excellent embrittlement resistance at H/M = 0.8, and also comparable permeability of Ni-
Nb with Pd-Cu alloy in the range 557 – 773 K. They also suggested that Ni-Nb based amorphous alloy membranes 
could be used as bipolar plates for proton exchange membrane fuel cell (PEMFC) due to excellent corrosion 
resistance and passive current density. This is a potential new application for a material which has been studied 
almost exclusively for its magnetic and hydrogen permeation properties. 
It is generally agreed that Nb has a beneficial effect on the mechanical stability of amorphous Ni-Nb-Zr alloys.  
We believe that the toughness of the material is controlled by Ni and Nb, but Zr contributes to solubility of 
hydrogen in the alloy ribbon. It appears that cobalt additions also reduce the brittleness of the membrane.  There 
are sufficient studies related to the crystallization temperatures of these amorphous membranes.  Alloying 
additions of Ta, Hf, Nb, and Ti do improve the thermal stability and increase crystallization temperature, but 
permeabilities are not enhanced, although these membranes have excellent corrosion properties even in presence 
of hydrogen.  
 
VI. Mechanical Properties 
 
Mechanical properties are of significant importance as membranes require sufficient strength to withstand large 
trans-membrane pressures, and while amorphous alloys are renowned for exhibiting high strength, the absorption 
of hydrogen can lead to embrittlement and mechanical failure under typical operating conditions. The mechanical 
behavior of amorphous Ni-Nb-Zr ribbons specifically has not been extensively investigated. In general, there is 
little plasticity in these ribbons, and stress–strain behavior is ceramic-like, however the ribbons are flexible when 
unloaded. More importantly, we are interested in the behavior of these ribbons under load with hydrogenation to 
simulate permeation conditions.  Jayalakshmi et al. [57] reported a significant reduction of mechanical properties 
in Zr50Ni27Ni18Co5 and Ni59Zr16Ti13Nb7Sn3Si2 amorphous alloys upon hydrogenation, observing no structural and 
mechanical change at up to ~16 at% H, but rapid crystallization was observed above 16 at.% H.  
 
Paglieri et al. [47] examined Ni40Nb20Zr20, (Ni0.60Nb0.40)100-xZrx and (Ni0.60Nb0.40Ta0.1)100-xZrx (x = 0 to 30 at.%) 
alloys, finding that hydrogen solubility and permeability increased, while the fracture resistance decreased, with 
increasing Zr content. Ta addition decreased hydrogen permeability relative to the equivalent Ta-free alloys, but 
also increased the thermal stability.   All alloys examined experienced a significant decrease in permeability during 
extended testing between 673 and 723 K, suggesting a structural change over time.   
More recently, Zhao et al. [58] used the nano indentation method to investigate the influence of dissolved H on 
shear yield strength and shear transformation zone volume of Ni45Nb30Zr25, Ni33Nb22Zr40Co5, Ni27Nb18Zr50Co5 and 
Ni35Nb30Zr15Ti10Fe5Co5.  The observations were not consistent across all alloys, with the  shear yield strength 
increasing and shear transformation zone volume decreasing in the Zr-rich alloys (Ni33Nb22Zr40Co5 and 
Ni27Nb18Zr50Co5), while the opposite effect was observed in the Zr-poor alloys (Ni45Nb30Zr25 and 
Ni35Nb30Zr15Ti10Fe5Co5).  Zhao et al. [59] also observed softening in Zr-poor alloys, attributed to the mobile 
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hydrogen in the membrane. In the Zr-rich alloys, H absorption led to hardening as H became trapped inside Zr 
sites, resulting in a densely packed structure.   
 
Palumbo’s [60] dynamic mechanical spectroscopy study of (Ni0.60Nb0.40)100-xZrx (x = 20 and 30 at. %) membranes 
found that the elastic modulus changed sharply between 445–525 K for x = 20 at % and 423 – 473 K for x = 30 
at %, suggesting an amorphous to amorphous phase transition as function of temperature.   The modulus of 
hydrogenated membranes strongly indicated that nano-sized Zr hydrides form and dissolve as a function of 
temperature, and therefore the elastic properties of the amorphous materials display a dramatic variation around 
these temperatures.    
 
VII. Local Atomic order in the Ni-Nb-Zr Alloy Membranes 
 
The absence of any structural features or long-range ordering presents a major hurdle a full understanding of 
amorphous alloys, and limits the effectiveness of traditional techniques such as microscopy or diffraction. 
Hydrogen permeation through these alloy membranes are controlled by five important parameters, namely 
hydrogen solubility, hydrogen diffusivity, atomic arrangement in the membrane, probable location of hydrogen 
in the membrane, and mobile and trapped hydrogen sites.   The first two parameters can be easily measured; the 
problem is the difficulty in determining the rest of the parameters in the amorphous materials.  Recent work aimed 
at understanding short-range atomic ordering has greatly enhanced our understanding of these materials.   
Yamaura et al. [61], Sakurai et al. [62], Oji et al.[63-64]  Fukuhara et al. [65] , Matsuura et al. [66], Fujima et al. 
[67] performed x-ray studies including, RDF, EXAFS, XANES and molecular dynamic calculations which made 
significant contribution towards understanding of the local atomic order of these alloy membranes. They 
determined coordination number, arrangement of atoms in the coordination polyhedra, and interatomic distances 
between atoms.  More studies were performed using first-principles molecular dynamics calculations; thus the 
Japanese group made significant advances in understanding the nature of amorphous Ni-Nb-Zr by applying the 
above techniques.  The local atomic structure of (Ni0.60Nb0.40)100-xZrx (x = 0 - 50 at.%) melt spun ribbons by 
XRD/RDF analyses was reported by Yamaura et al. [61]  X-ray diffraction analyses showed that the amorphous 
hump shifted to a lower angle with the increasing Zr content that led to an increase in average interatomic distances 
[36]. Hydrogenation of (Ni0.60Nb0.4)70Zr30 and (Ni0.60Nb0.4)50Zr50 increases Zr-Zr interatomic distances thus 
allowing faster hydrogen permeation. 
  
In 2009, Oji et al. [60-61] studied the effect of dissolved H on the local atomic configuration of Ni42Nb28Zr30 by 
XAFS and showed the local structure around Ni, Nb and Zr atoms does not change upon H absorption.  However, 
hydrogen charging in the higher Zr content, Ni36Nb24Zr40H11, alters the local structure by elongating Zr-Zr, Zr-Nb 
and Nb-Ni interatomic distances.  They also reported that Ni36Nb24Zr40 has a distorted, 13 atom-Ni6Zr6Nb or 
Ni5Nb3Zr5-type icosahedra structure.  Based on their XAFS results, Oji et al. concluded the Ni5Nb3Zr5 cluster is 
more favorable than other polyhedral structures.  Oji et al. also concluded that in the Ni42Nb28Zr30 ternary alloy, 
H atom sites are only outside of the icosahedra cluster, and in Ni36Nb24Zr40 alloy hydrogen sites, H occupies sites 
both outside and inside of the cluster.  
 
A tetrahedral hydrogen occupancy site with three Zr and one Nb atoms as a favorable configuration was also 
reported. In 2010, Fukuhara et al [65] reported more refined icosahedral cluster structures of Ni–Nb–Zr–H glassy 
alloys by using first-principles molecular dynamics calculations and XANES measurements. Oji et al.’s [63-64] 
observation of distorted icosahedral Ni5Zr5Nb3 clusters, in which the hydrogen sites outside the cluster in 
Ni42Nb28Zr30, were confirmed by Fukuhara et al. [65].  In the case of Ni36Nb24Zr40 alloys, H occupies tetrahedral 
sites surrounded by Zr, Nb and Ni atom clusters, causing an increase in the bond distance of Zr-Zr / Zr-Nb and 
Nb-Ni.  Matsuura et al. [66] reported on local atomic structural effects by hydrogenation of the (Ni0.60Nb0.40)65Zr35 
ribbon to form amorphous [(Ni.60Nb.40)65Zr35]92.2H7.8 by XAFS and molecular dynamics calculations, and showed 
that H occupies tetrahedral sites of large icosahedra without significantly changing the local structure or 
coulombic oscillation. Their first principle calculation showed that amorphous alloy was Ni-centered Nb triangle 
formed distorted icosahedra Ni5Nb3Zr5.   
 
In 2013 Fujima et al. [67], using an established N5Nb3Zr5 icosahedral cluster model, constructed a 112-atom 
rhombohedral cell structure of amorphous Ni36Nb24Zr40.  They suggested that Nb and Ni played very important 
role in restricting crystallization and maintaining the amorphous structure. According to their calculation, the 
icosahedral local structure was well maintained in the amorphous phase, and upon crystallization, forms a 
cuboctahedra.  
 
Tokunaga et al. [68] employed thermodynamic modeling using CALPHAD methodology to determine the glass-
forming compositional region in the ternary Ni-Nb-Zr phase diagram; results were somewhat comparable with 
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experimental results, but an order of magnitude lower than experimentally observed range. Density functional 
theory (DFT) calculations were reported as a reliable method for predictions of amorphous membranes for 
hydrogen permeation and purification by Hao and Sholl [69].  They performed DFT calculations on Zr36Ni64 and 
(Ni0.6Nb0.4)70Zr30, and found that the experimental results of Hara et al [27] and Yamaura et al [46], and found 
reasonable agreement to their calculations, but the experimental permeabilities were reported as 2-4 times smaller 
than those calculated.  
 
The Ni-Nb-Zr alloys are becoming more versatile, from the materials stand point of view, which not only have 
excellent permeation properties but have interesting electrical transport properties. Fukuhara et al. [70-72] 
reported, for the first time, semi conductivity, good electronic transport at room temperature, superconducting, 
electron avalanche and electric current coulomb oscillation in ternary (Ni0.60Nb0.40)100-xZrx (x=30-50) alloys with 
hydrogen.  Fukuhara et al. [72, 73] studies were focused on measuring electrical resistivities of Ni36Nb24Zr40 and 
hydrogenated (Ni0.36Nb0.24Zr0.4)90H10 alloy in 1.5 K to 300 K ranges. Experiments performed by decreasing 
temperatures, from 300K, revealed a sudden decrease in resistivity at 6K, and found superconductive (Type II) 
behavior at 2.1 K.  They also discussed effects of localization of hydrogen inside and in the vicinities of the 
icosahedral Ni5Nb3Zr5 cluster may have an impact on the properties. 
 
Chandra et al. [74-75] performed atom probe tomography (APT) of (Ni0.60Nb0.40)100-xZrx (x = 0 – 30 at.%) and 
revealed the co-existence of three major amorphous phases: Phase I (Ni-rich, considered as the matrix in the 
alloy), Phase II (Nb-rich) and Phase III (Zr-rich). We examined the sample Ni42Nb28Zr30 in the APT and found 
inhomogeneity in the amorphous phase of the membrane. The overall composition of the alloy is Ni42Nb28Zr30, 
but during glassy ribbon formation we found Nb-rich clusters that have composition of Ni31.78Nb46.5Zr21.2, and Zr-
rich rich clusters of Ni38.64Nb17.9Zr43.45 which are significantly different than the overall composition of the alloy.  
To illustrate this, an APT 3D-construction and proximity concentration profile on a nanoscale of the Ni42Nb28Zr30 
alloy in a 113 x 109 x 99 nm3 that shows all the atoms of Ni,Nb,Zr superimposed as dots (Figure 2(a)). In Figure 
2(b), we show only Nb-enriched atom clusters delineated by isoconcentration surfaces, and not showing Ni, Nb 
or Zr atoms for clarity, whose average composition is Ni31.78Nb46.5Zr21.2 (green in color).  A proxigram 
concentration profile was created averaging over all Nb-enriched clusters, as schematically shown in the inset for 
one cluster. The proxigram (concentration vs. distance) shows the composition variation of the 93Nb and 58Ni 
isotopes detected using the mass spectrometer across a small line of ~10 nm extending from point A to C.  The 
point B shows the interface at zero mark, i.e at the interface of the particle “C” and the matrix.  As the scan 
approaches the interface the Nb concentration increases and that of Ni decreases.  Based on previous research [63] 
we propose that these clusters are icosahedra type in these membranes. Other studies are in progress that relate to 
the dynamic aging studies [74-75] using inelastic neutron spectroscopy (INS) and x-ray correlation spectroscopy 
(XPCS). 
 
 
 
 
 
This review illustrates our understanding of local atomic order in amorphous Ni-Nb-Zr alloys is advancing, but 
the positioning of hydrogen atoms inside the icosahedra and it vicinity needs to explored. Neutron inelastic 
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scattering is one tool which may provide useful information about the hydrogen positions in icosahedra clusters 
of these membranes.  
 
VIII. Summary 
 
Melt spun hydrogen-selective non-precious metal amorphous alloy membranes, such as (Ni60Nb40)100-xZrx (x= 0, 
50 at %) alloys, are emerging materials for H2/CO2 separation that are of industrial importance. Little was known 
until the last two decades or so, about the physical, local atomic order, mechanical, permeation, and electrical 
properties of these membranes.  The research was perhaps driven by the high cost of Pd.  We assembled the data 
from various studies and found that the permeabilities of these alloy vary in three orders of magnitude, from 1x10-
10 to 5x10-8 mol m-1s-1Pa-0.5 with high hydrogen permeability between 473 and 673 K, some of them are comparable 
to those of Pd- and Pd alloys. Gaining a greater understanding of local ordering which will assist in the 
development of highly permeable, durable alloy membranes we performed atom tomography that revealed Nb-
rich and Zr-rich amorphous clusters embedded in, majority Ni matrix, whose compositions deviated from the 
nominal composition of the membrane. More studies on lattice dynamics, such as inelastic neutron scattering, x-
ray correlation spectroscopy (XPCS) are in progress.   More recently, Fukuhara et al. [72-73] measured electrical 
properties and reported exciting new findings on semi-conducting behavior at room temperature and 
superconducting behavior at very low temperatures.  Based on all the above mentioned studies these alloys are 
not only useful for hydrogen permeation and may contribute in electronic industrial application.  
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